Increased reactive oxygen species may exhaust the antioxidant capability of human defense systems, leading to oxidative stress and cancer development. Urinary F2-isoprostanes, secondary end products of lipid peroxidation, are more accurate markers of oxidative stress than other available biomarkers. No prospective study has investigated whether levels of 15-F 2t -isoprostane (15-F 2t -IsoP) and its metabolite 2,3-dinor-5,6-dihydro-15-F 2t -IsoP (15-F 2t -IsoPM) are related to breast cancer risk.
INTRODUCTION
Substantial evidence suggests estrogens play critical roles in the etiology of breast cancer. 1, 2 Nevertheless, the molecular basis for estrogen carcinogenesis is still unclear. One proposed mechanism is that excess estrogen exposure leads to elevated generation of reactive oxygen species (ROS; eg, 15-F 2t -isoprostane [15-F 2t -IsoP]) through estrogen-receptor 3 and/or metabolic activation pathways. 4, 5 These ROS, along with ROS from external sources, such as smoking and dietary oxidants, may exhaust human antioxidant defense capability, leading to oxidative stress. [6] [7] [8] [9] [10] Single-stranded DNA, present during breast cell division under estrogen stimulation, is particularly susceptible to damage caused by ROS. 8 Accumulating evidence suggests that F2-isoprostanes (mainly 15-F 2t -IsoP), secondary end products of lipid peroxidation of arachidonic acid, are more accurate markers of oxidative stress in humans than other available biomarkers.
11-13 Unmetabolized 15-F 2t -IsoP, however, may be artificially generated in vitro in fluids by autoxidation. Furthermore, the level may also be significantly affected by the local renal isoprostane production.
14 After ␤-oxidation, 15-F 2t -IsoP converts to 2,3-dinor-5,6-dihydro-15-F 2t -IsoP (15-F 2t -IsoPM), a metabolite not subject to autoxidation and renal production. 15 Morrow et al 14 developed a method with both high sensitivity and accuracy to measure 15-F 2t -IsoPM using gas chromatography/negative ion chemical ionization mass spectrometry (GC/
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V O L U M E 2 7 ⅐ N U M B E R 1 5 ⅐ M A Y 2 0 2 0 0 9 NICI MS). Previous epidemiologic studies have seldom considered 15-F 2t -IsoPM, and most have used immunoassays to measure 15-F 2t -IsoP and its metabolite because the GC/NICI MS method is labintensive and expensive. Validation studies, however, found merely moderate correlation coefficients, 0.63 16 and 0.51, 17 respectively, for 15-F 2t -IsoP and 15-F 2t -IsoPM between measurements assayed by GC/ NICI MS and those determined by immunoassays. To our knowledge, only one case-control study reported that the level of 15-F 2t -IsoP was increased among breast cancer cases compared with controls using an immunoassay. 18 No study has prospectively investigated the etiologic role of 15-F 2t -IsoP and its metabolite in the development of breast or other cancers. By using the GC/NICI MS assay, we prospectively investigated the associations of urinary 15-F 2t -IsoP and 15-F 2t -IsoPM with breast cancer risk in a nested case-control study conducted among Chinese women, a population with traditionally low risk for breast cancer.
Accumulative data indicate that ROS 19-21 play a critical role in the regulation of multiple normal physiologies, including microorganism defense, cell signal transduction, cell growth, and cellular homeostasis, 13 as well as induction of apoptosis and senescence, two key mechanisms for cancer prevention.
13,22 Both urinary 15-F 2t -IsoP and 15-F 2t -IsoPM are detectable in healthy subjects, and normal levels have been defined in Western populations.
11,14 However, higher levels of 15-F 2t -IsoP have been linked to a number of diseases or conditions, such as smoking, type 2 diabetes, cardiovascular diseases, Alzheimer's disease, asthma, and other inflammatory diseases.
11,13,23 These findings suggest that excessive production of ROS has detrimental effects, whereas basal level of ROS under physiologic conditions is critical in cancer prevention. Recently, several studies have found obese women to have a significantly higher level of 15-F 2t -IsoP.
13, 24 Previously, we found that the associations between several risk factors and breast cancer differed by body mass index (BMI) level. [25] [26] [27] We, therefore, hypothesized that the associations of levels of isoprostanes with breast cancer may vary by BMI status and evaluated this hypothesis in the current study.
PATIENTS AND METHODS

The Shanghai Women's Health Study
Detailed methods of the Shanghai Women's Health Study (SWHS) have been reported elsewhere. 28 Briefly, 74,942 Chinese women aged 40 to 70 years were interviewed from March 1997 to May 2000, yielding a 92% participation rate. Trained interviewers elicited information on demographic characteristics, medical history, anthropometrics, usual dietary habits, physical activities, and other lifestyle factors. Two measurements were performed at the end of the in-person interview for weight, height, and circumferences of the waist and hips. A third measurement was conducted if the difference between the first two measurements was larger than 1 kg for weight, 1 cm for height, and 0.5 cm for circumferences. The study was approved by all relevant institutional review boards in China and the United States. All participants provided informed written consent.
Cohort follow-up and outcome ascertainment. The SWHS participants were tracked for occurrence of cancer by follow-up surveys conducted every 2 years and annual linkage to records of the population-based Shanghai Cancer Registry and death certificates collected by the Shanghai Municipal Center for Disease Control and Prevention. Nearly all cohort members were successfully observed, with the response rates for the first in-person follow-up survey being Sample collection, storage, and processing. A spot urine sample was collected into a sterilized 100-mL cup containing 125 mg of ascorbic acid. The collected samples were kept in a portable, insulated bag with ice packs (at approximately 0°to 4°C). 28 The urine samples were processed within 6 hours of collection and stored at Ϫ80°C.
Nested Case-Control Design
The nested case-control study was conducted among women who donated a urine sample (approximately 88% of the cohort) at baseline or during first follow-up (approximately 2 years later). Among them, 436 cases were identified during an average of 7.5 years of follow-up (more than 85% of these urine samples were collected at baseline). Two cancerfree controls were randomly selected and matched with each case on age at baseline (Ϯ 2 years), date at study enrollment (Յ 30 days), time (morning or afternoon) of urine collection, interval since last meal (Յ 2 hours), menopausal status (pre-or postmenopausal), and antibiotic use (yes/no) in the past week. Two controls were successfully matched with each of 416 cases, whereas 20 cases were matched with only one control each, yielding a total of 852 controls.
Quantification of Urinary F2-Isoprostanes and 5-F 2t -IsoPM
Urinary excretion of 15-F 2t -IsoP and its major metabolite of 15-F 2t -IsoP, 2,3-dinor-5,6-dihydro-15-F 2t -IsoP (2,3-dinor-5,6-dihydro-8-IsoPGF 2␣ ) were measured by GC/NICI MS. The method has been reported in detail previously. 14, 29, 30 Briefly, GC/NICI MS was performed using an Agilent 5973 GC/MS instrument with an Agilent computer system (Santa Clara, CA). The column temperature was programmed from 190°C to 300°C at 15°C/min. The metabolite was chemically synthesized and converted to an 18 O 2 -labeled derivative for use as an internal standard. 31 Final results were expressed after adjusting for creatinine concentrations (nanograms per milligram of creatinine). Precision of the assay was Ϯ 4% and accuracy was 97%. The lower limit of sensitivity was approximately 20 picogram (pg).
14
Statistical Analysis
Baseline covariates were compared between cases and controls to evaluate potential confounding factors ( Table 1) . The paired t test and Wilcoxon signed-rank test were used to compare levels of isoprostanes between cases and controls. Isoprostanes levels were categorized based on tertile distribution in controls. Conditional logistic regression was used to analyze the association between concentrations of 15-F 2t -IsoP and 15-F 2t -IsoPM and breast cancer risk. Potential confounding factors included in final regression models are listed in the footnotes of Tables 2 and 3 . Stratified analyses by menopausal status and BMI at baseline were performed to evaluate whether breast cancer risk differed according to these factors. We used the WHO cut points for international classification of BMI (ie, BMI of 25 for overweight and 30 for obesity) as well as cut points for Asian populations (23 for overweight and 27.5 for obesity), recommended by WHO expert consultation. 32 The sample size in the strata became smaller as BMI level increased, leading to unstable estimation of CIs for women with BMI Ն 30. Thus we also used BMI of Ն 29 as an additional cut point. Because this is a matched case-control design, stratumspecific odds ratios (ORs) were derived from conditional regression with the inclusion of terms for main effect along with two interaction terms. By adding these interaction terms, case-control pairs were not broken, and all of the subjects were included in the model building.
27 P values of less than .05 (two-sided probability) were considered statistically significant. Tests for trend were performed by entering the categoric variables as continuous variable in the model. Statistical analyses were conducted using SAS statistical software (version 9.1; SAS Institute, Cary, NC). 
RESULTS
The median age of cases at diagnosis was 53.3 years. Approximately half of the cases and controls were postmenopausal at baseline (Table  1) . Compared with controls, cases were more likely to have higher education, earlier age at menarche, later age at first live birth, a family history of breast cancer, and a history of breast fibroadenoma. Cases were also more likely to take hormone replacement therapy than controls, although the overall rate was low. Controls were more likely to smoke cigarettes, have a longer breastfeeding period, and have a higher intake of red meat and soy isoflavones compared with cases. The correlation coefficient between urinary 15-F 2t -IsoP and 15-F 2t -IsoPM was 0.31 in all subjects (0.37 among breast cancer cases and 0.27 among controls; P Ͻ .01 for all). The urinary excretion levels (mean Ϯ standard deviation) for 15-F 2t -IsoP were 1.95 Ϯ 1.51 for cases and 1.99 Ϯ 2.16 for healthy controls. The corresponding levels for F 2t -IsoPM were 0.69 Ϯ 0.67 and 0.71 Ϯ 0.73, respectively. The differences between cases and controls were statistically insignificant for both markers.
Breast cancer risk was not associated with urinary excretions of isoprostanes overall (Table 2) . However, among premenopausal women, urinary 15-F 2t -IsoP and 15-F 2t -IsoPM were associated with a reduced risk of breast cancer. The inverse association with 15-F 2t -IsoP was statistically significant in both age-adjusted and multivariate models, with an OR of 0.58 (95% CI, 0.36 to 0.95) for the highest tertile versus the lowest (P for trend ϭ .04) in the multivariate model. In contrast, among postmenopausal women, both biomarkers were associated with an increased risk of breast cancer, although none of the associations was statistically significant. The tests for multiplicative interaction with menopausal status were statistically significant for 15-F 2t -IsoP in both age-adjusted (P for interaction ϭ .03) and multivariate (P for interaction ϭ .008) models.
Levels of 15-F 2t -IsoP and 15-F 2t -IsoPM were inversely associated with breast cancer risk among women with a BMI less than 25, although the associations for 15-F 2t -IsoPM were not statistically significant (Table 3 ; Figs 1 and 2 ). Among women with a BMI less than 23, 15-F 2t -IsoP was inversely associated with breast cancer risk in a doseresponse manner (P for trend ϭ .006) with an OR of 0.46 (95% CI, 0.26 to 0.80) for the highest tertile versus the lowest. The test for interaction with BMI (Ͻ 23 v Ն 23) was significant (P for interaction ϭ .006). The reduction in risk among women with a low BMI appeared in both pre-and postmenopausal women, but was only significant in premenopausal women (data not shown). Conversely, 15-F 2t -IsoP and 15-F 2t -IsoPM were positively associated with breast cancer risk among women with a BMI Ն 25. The magnitude of the associations became stronger among women with a higher BMI. In particular, 15-F 2t -IsoPM was associated with a two-to four-fold increased risk among women with a BMI Ն 27.5; for women with a BMI Ն 29, the ORs increased to 10.20 (95% CI, 2.35 to 44.29) for the middle tertile and 10.27 (95% CI, 2.41 to 43.80) for the highest tertile compared with the lowest tertile (P for trend ϭ .003) with a significant interaction with BMI (BMI Ͻ 29 v BMI Ն 29; P for interaction ϭ .0004). The corresponding ORs further increased to 13.62 (95% CI, 1.38 to 134.08) and 23.47 (95% CI, 2.46 to 223.69; P for 
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www.jco.org interaction ϭ .001) among those with a BMI of Ն 30. In sensitivity analysis excluding cases diagnosed within 3 years from urine collection, the corresponding ORs for 15-F 2t -IsoPM were 8.68 (95% CI, 0.75 to 103.49) and 10.60 (95% CI, 0.96 to 116.56) in the middle and highest tertile, respectively. The elevated risks were observed in both pre-and postmenopausal women (data not shown). In the same sensitivity analysis, the inverse association for 15-F 2t -IsoP among women with BMI less than 23 became more pronounced.
DISCUSSION
In this nested case-control study, we prospectively evaluated urinary excretion of 15-F 2t -IsoP and its metabolite (15-F 2t -IsoPM) in relation to subsequent breast cancer risk. To our knowledge, no prospective study has evaluated the associations of isoprostanes or other lipid peroxidation biomarkers with breast cancer risk. Two small casecontrol studies found that plasma levels of malonaldehyde, an indirect measure of lipid peroxidation, 33 were elevated among patients with breast cancer as compared with controls, 34,35 consistent with that found in a recent case-control study using urinary 15-F 2t -IsoP. 18 Another small study observed that normal breast tissues from patients with cancer had an increased level of malonaldehyde adducts than that found in breast tissues of noncancer controls. 36 None of the previous case-control studies have examined the potential modifying effect of BMI.
In the current study, an increased risk of breast cancer associated with urine levels of isoprostanes, particularly 15-F 2t -IsoPM, was mainly observed among women with a high BMI, and the association became stronger with increasing BMI level. Except for one recent study conducted among older adult men, previous studies consistently found that levels of 15-F 2t -IsoP were significantly correlated with BMI. 13, 37, 38 Women with a BMI greater than 28 had a higher level of 15-F 2t -IsoP regardless of fat distribution, 13 whereas weight loss was associated with a decreased level of 15-F 2t -IsoP.
13,39 Because the same cut points of isoprostanes were used in each stratum of the nonoverweight, overweight, or obese women, our findings indicate that some obese women could have normal levels of isoprostanes. Our data further show that obese women were at a substantially increased risk for breast cancer only when they had increased levels of isoprostanes. The association for 15-F 2t -IsoPM is much stronger than 15-F 2t -IsoP, suggesting that F 2t -IsoPM may be a relatively more accurate and specific biomarker of lipid peroxidation. Alternatively, F 2t -IsoPM, including activity of ␤-oxidation, may be more directly involved in the pathogenesis of breast cancer. 21 In vitro addition of 15-F 2t -IsoP led to a two-to four-fold increase in DNA and cell proliferation, 21 indicating that ROS play a critical role in carcinogenesis. If our findings are confirmed in further studies, it may point a way to preventive strategy by reducing 15-F 2t -IsoP and F 2t -IsoPM levels among postmenopausal women with a high BMI through weight loss or other antioxidant approaches.
Our observation of an inverse association with 15-F 2t -IsoP and F 2t -IsoPM levels among premenopausal women or those with a low BMI are consistent with the fact that several protective factors for breast cancer risk, such as physical activity, 40,41 parity (normal pregnancy), 13,42 and preeclampsia, 13 were associated with significantly elevated levels of lipid peroxidation. 43, 44 Compared with postmenopausal women, 15-F 2t -IsoP was lower among healthy premenopausal women. 13 Under normal physiological conditions, 1% to 2% of the oxygen consumed in mitochondria is converted to superoxide anion (O · 2-) and, in turn, ROS, 45,46 which are necessary to trigger p53 activation, directly mediate apoptosis 19,47 and induce senescence. 22 In addition, 15-F 2t -IsoP was found to stimulate high glucose-induced synthesis of transforming growth factor ␤1, 48,49 an important tumor suppressor. explanation for the results from clinical trials. 51, 52 These studies found ␣-tocopherol supplementation provided no overall benefit for total mortality and for incidence and mortality of major cardiovascular diseases or cancer, including breast cancer. 52 None of these studies evaluated the potential modifying effect of BMI. Also consistent with these findings, several recent clinical trials found that the antioxidant vitamin E reduced 15-F 2t -IsoP levels in several disease conditions in which levels of isoprostanes were increased, but no reduction in isoprostanes was found with vitamin E supplementation in healthy subjects. 13 It is worth noting that the obesity rate was much lower in our study population than that in the United States. 28 We also found that levels of both isoprostanes, particularly 15-F 2t -IsoPM, in our study population were substantially higher than levels (mean Ϯ 2 standard deviations) of urinary 15-F 2t -IsoP (1.6 Ϯ 0.6 ng/mg creatinine) and 15-F 2t -IsoPM (0.39 0.18 ng/mg creatinine) in healthy subjects in the United States.
Urinary Excretion Ratio
11,14 In comparison, the age-adjusted incidence rates of breast cancer were more than three times higher in the United States than in Shanghai, China.
53 These ecologic data, therefore, supported our findings. The reasons for the higher levels of 15-F 2t -IsoP and F 2t -IsoPM among healthy women in China than the United States are unclear, although underlining differences in exposure profiles may play a role. For instance, the standard metabolic equivalent (MET), a summary estimate of physical activity energy expenditure, was 13 MET-hours/d in our study cohort 54 compared with approximately 7 MET-hours/d among healthy, middle-aged Canadian women 55 when a broad spectrum of light, moderate, and vigorous activities was evaluated.
The present study has several notable strengths. Levels of 15-F 2t -IsoP were measured together with its major metabolite15-F 2t -IsoPM using a newly developed, more sensitive method. The parent population-based cohort study had remarkably high rates for baseline participation and follow-up, which minimized selection bias. To evaluate whether incipient patients with breast cancer may have contributed to the elevated associations observed among women with a high BMI, we conducted sensitivity analyses by excluding women who were diagnosed with breast cancer within 3 years from urine collection and found similar results. Still, we cannot exclude the possibility that 15-F 2t -IsoP and 15-F 2t -IsoPM are not etiologic factors but serve only as biomarkers for cancer progression and/or early detection, due to the relatively short cohort follow-up time (average of 7.5 years). In addition, reliability studies found that at a group level, 15-F 2t -IsoP measured in one spot urine did not significantly differ from that measured using multiple urines or 24-hour urine collection in 1 day. 13 Previous studies generated inconsistent results on the interday variation 13,56 whereas our unpublished data conducted in the study population suggest that the major contributor to intraperson variation is seasonal fluctuation. Therefore, cases and controls were matched on urine collection date. Because interday variation is random, any residual interday variation may lead to nondifferential misclassification, which usually biases the result to the null. To the extent that residual interday variation levels exist in our data, the true associations of isoprostanes levels with breast cancer risk could be stronger than those we observed. Finally, the sample size of this study is sufficiently large for stratified analyses. The number of women with a BMI of Ն 30 is small in our study. Despite this, we still found a significant result.
Future studies are necessary to confirm our findings, particularly among obese women. Our findings, if validated, may lead to a new path of inquiry in the early detection and/or prevention of breast cancer and other diseases related to oxidative stress.
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